A multidisciplinary team of social and natural scientists has built research-applications partnerships to improve climate awareness and focus climate research in the region.
T he southwestern United States exhibits considerable interannual and interdecadal variability in climate (Sheppard et al. 2002) , with over tenfold differences in winter precipitation from year to year.
1 Summer monsoons and winter storms create a bimodal precipitation pattern. Winter precipitation is particularly important, because it provides much of the streamflow and groundwater recharge that both replenish water supplies and maintain important ecosystems. The region's economy and lifestyle are highly vulnerable to this variability in climate. Municipal, industrial, and agricultural sectors depend, at least in part, on highly variable surface water supplies, and on aquifers that are being depleted in many parts of the region. Current approaches to managing forests, grazing land, surface waters, and riparian areas assume consistent seasonal and interannual precipitation. Links between Southwest climate and measurable patterns in the Pacific Ocean (Sheppard et al. 2002) allow significant predictability of seasonal precipitation and temperature in the region, particularly for the winter half-year. There are also signs that global warming could lead to changes in the climate of the region, including an increased frequency of extreme wet and dry periods (National Assessment Synthesis | Team 2001), which have documented regional impacts. This combination of vulnerability and seasonalto-interannual predictability makes climate information, including forecasts, valuable for environmental and economic decision making in the Southwest.
In 1998 a multiyear pilot integrated science and assessment project focusing on climate variability and vulnerability was initiated, with the specific aims of assessing and improving climate information, its use by regional stakeholders, and the level of understanding of climate vulnerability in the Southwest (Fig. 1) . A secondary aim was to develop methods and products for integrated climate assessment. This report discusses the design and some results of the pilot Climate Assessment for the Southwest (CLIMAS) project, focusing on how it is changing both science and society in the region.
THE NATURE AND VALUE OF REGIONAL ASSESSMENT.
Regional assessments can provide a formal means of communication between scientists and stakeholders at a scale that is relevant to regional needs and decisions. Recent national and regional integrated assessments tended to be in the traditional mode. They involved ad hoc study teams in developing a snapshot of current and potential future conditions and reporting the results in a one-time set of written products (National Assessment Synthesis Team 2001). In contrast, CLIMAS was designed to be a highly integrated, continuing process of climate assessment that identifies, develops, and distributes essential decision support information and resources for the region. This model is distinct from the traditional integrated assessment in its sustained interaction with stakeholders and the commitment to modifying science agendas in response to stakeholder needs. CLIMAS both benefited from (Merideth et al. 1998) and contributed to (Sprigg and Hinkley 2000) the U.S. National Assessment, and continues to contribute place-based perspectives to other global change science initiatives on climate change, vulnerability, land use, ecosystems, and carbon and water cycles.
As a process, integrated climate assessment involves building effective research-applications partnerships around regional climate issues and impacts. CLIMAS defines climate variability to be of equal or greater importance than climate change, in part because many stakeholders 3 already are aware of their vulnerability to interannual climate variability (e.g., ENSO), and also because an understanding of current information needs and vulnerability can help them with decisions, providing a strong base for research and stakeholder interactions regarding longer-term climate changes.
Regions selected for assessment should normally have some degree of climatic, ecological, and social coherence, based on the structure of biomes, the economy, demographic and cultural characteristics, or regional governance. Many institutions are organized at the regional level, including utilities, land management, and water management. Climate information can be used directly in decisions that have multimillion to multibillion dollar implications for regional economies.
The actual regional coverage for CLIMAS is somewhat issue dependent. For example, some water resources decisions are made at the scale of the Colorado River or upper Rio Grande basin, while distinct groundwater basins occurring beneath each city and agricultural valley are managed at subregional or local levels. Where advantageous, CLIMAS has built partnerships with other regional assessment groups to address broader regional issues. CLIMAS is part of the National Oceanic and Atmospheric Administration (NOAA) Office of Global Programs' Regional Integrated Science and Assessments (RISA) program. Pilot RISA projects were initiated in the Pacific Northwest in 1995, and in the Southwest in 1998; additional RISA projects have started since then. 
|
Results from CLIMAS offer at least five main findings that highlight the value and potential of regional assessments. First, we have documented that there is a strong demand for climate information that is specific and scaled to regions and subregions, particularly at the watershed scale. This includes both historical climate information and months-ahead forecasts of temperature, precipitation, and other climate variables. User demand for climate information is specialized and requires custom products (Hartmann et al. 2002a) , often tailored to fit their annual decision calendar (Banquista and James 1999). In the Southwest, water managers need precipitation forecasts in the fall when making allocation and delivery contracts, and runoff forecasts in the spring for planning operations. Fire managers need forecasts in the winter, in order to plan fire mitigation measures and allocate resources for fire-season response. Ranchers need forecasts in both the spring (for summer) and fall (for winter) to plan herd size and supplemental feed, although cattle and feed prices are influenced as much by climate in other regions (e.g., Mexico, Midwestern United States, Australia) as by within-region climate. 4 The type of forecast information needed by stakeholders is heterogeneous, and often does not match that provided as standard products by federal forecasting centers.
Second, stakeholder interaction with scientists benefits from regional institutions that have a mission and tradition of persistent responsiveness to regional and local needs. State land-grant universities provide one model for such interaction through a tradition of providing extension and knowledge-transfer services to the public; this model can provide a building block for integrated, collaborative regional assessment activities. However, climate has not historically been a major component of extension activities, and many climate knowledge-transfer projects have been shortlived. Regional climate assessment needs to be a sustained activity to avoid disappointing stakeholder expectations. Potential users of new climate information are hesitant to adopt technology and products for which support could disappear at short notice.
Third, experience with CLIMAS indicates that public and political perceptions of the value and credibility of science are higher if products are regionally specific and provided by local experts with whom sustained interaction has created good communication and a degree of trust. We hypothesize that this holds true for other regions of the United States as well. For example, local National Weather Service offices develop strong contacts with local media and decision makers that allow them to tailor weather forecasts to regional needs, and, for the most part, to communicate that information clearly. By contrast, the credibility of global warming projections often suffers when results are not scaled to or consistent with regional impacts (National Assessment Synthesis Team 2001; Watson et al. 1998) . Federally funded science is increasingly asked to be responsive to regional needs in order to satisfy taxpayer and congressional demands. Sustained regional climate assessment initiatives provide one avenue of response to these concerns (National Science and Technology Council 2002).
Fourth, CLIMAS and similar pilot projects provide case studies and stimulate development of innovative methods that can be transferred to other regions, and scaled up to broader areas. For example, case studies undertaken within CLIMAS have provided general insights, models, and guidelines that have a much wider application, including guidelines for climate assessment in collaboration with Native Americans, predictive tools for valley fever incidence, the use of rapid rural appraisal for vulnerability assessment, products for evaluating seasonal forecasts, and methods for merging instrumental and paleoclimate data to develop scenarios of use to stakeholders (www.ispe. arizona.edu/climas). Many of the specific results are relevant to other semiarid regions across the world and our approach can be adapted to widely different regions. Researchers are using several of our regional assessment tools (e.g., surveys, interviews, workshops) in Mexico, Chile, and northeast Brazil (Eakin 1999; Lemos et al. 2002) .
Fifth, in the Southwest CLIMAS has served as a model for interdisciplinary collaboration, place-based science, and science-applications partnerships. The CLIMAS core office, through building sustainable researcher-stakeholder relationships around climate issues, has proven invaluable in drawing upon the project's research activities in support of multiple regional knowledge-transfer activities in the Southwest. Two examples centered at The University of Arizona are a National Aeronautics and Space Administration (NASA) Southwest Regional Earth Science Applications Center, which works with stakeholders to improve applications of remote sensing information in the region, and a National Science Foundation (NSF) Science and Technology Center for the Sustainability of Semi-Arid Hydrology and Riparian Areas. Both are place-based science, working to bring new knowledge | and technology to bear on regional problems. CLIMAS has influenced these and other projects and researchers to use a formal dialog with stakeholders to develop research agendas. The CLIMAS team has had many productive discussions with non-CLIMAS researchers who can use the CLIMAS experience to influence their own research efforts.
THE CHALLENGES AND RESULTS OF IN-TEGRATION.
Under CLIMAS, the essential "integration" within our regional assessment has included integration among decision makers, researchers, and other stakeholders; disciplinary integration of assessment team participants; and endto-end integration linking causes with impacts with responses. An example of the latter would be the link between understanding ocean-atmosphere processes to regional hydrologic impacts and water resources policy responses.
Among the challenges of integrating researchers and stakeholders has been developing and sustaining relationships with representative users of climate information and convincing researchers to adjust their research agendas to recognize stakeholder needs. The initial CLIMAS research agenda was formed through an interactive process involving stakeholders and CLIMAS researchers. CLIMAS itself was initiated in conjunction with a September 1997 workshop sponsored by the U.S. National Assessment that brought together over 380 individuals to examine climate issues in the region. The feedback survey from this workshop allowed us to identify interested stakeholders. We then expanded the process by preparing a detailed analysis of the regional economy, population, and land use.
Downscaling to southern Arizona, we developed a semistructured survey to document residents' perceptions about climate and their need for and use of climate information (Benquista and James 1999; Liverman and Merideth 2002 ). An important finding of this survey was that the planning and decisionmaking processes involving key players can benefit from access to and use of climate information. These include federal and state land agencies and Native American nations, who are stewards of a large fraction of the region's lands and natural resources. Although agriculture and ranching together account for less than 1% of Arizona's statewide payroll and only 2% of the jobs, pasture accounts for about 77% of the state's land use, and agriculture accounts for another 3%. In terms of ownership, only 16% of the region's land is in private ownership; 44% of the state is federal, 13% is state, and 27% is tribal land (Liverman and Merideth 2002) . The survey provided an important foundation for building sustained engagement with stakeholders in order to define the climate information needs of specific sectors, such as water management and rural livelihood production, and then to respond to these needs through regular workshops, one-on-one meetings, and targeted information provision and products in newsletters and on Web pages.
The integration of the research team with stakeholders helped to define the research questions listed in Table 1 . The concerns voiced by stakeholders tended to converge around certain research questions that were often not, from the scientists' perspective, the "low-hanging fruit" of the most resolvable or predictable climate phenomena; rather, stakeholders raised thornier science problems needing solutions to inform specific user decisions, especially the timing of those decisions. For example, ranchers and farmers gave priority to improved understanding of summer precipitation, in addition to the more predictable winter precipitation. This led us to highlight research on monsoon prediction, including the onset and overall magnitude of rainfall as affected by both land surface conditions in the region and sea surface temperature patterns (Cavazos et al. 2002) . Native American groups and federal land managers in rural areas with sparse monitoring networks asked for improved spatial resolution of climate information, even at the ex-1) What are the impacts of climate variability on local populations, and which sectors are particularly vulnerable?
2) How do local populations adapt (short and long term) to climate variability?
3) What are the current uses of climate information in the Southwest? What is the demand for and value of improved climate information, and how can climate information and uncertainty be best communicated to stakeholders? 4) How might a better understanding of climate benefit vulnerable stakeholders? 5) What are the nature and causes of climatic and hydrologic variability in the Southwest on interannual, decadal, and century time scales? 6) How do climatic and hydrologic variability vary geographically within the region? 7) How predictable is seasonal-to-interannual climate and hydrology, and how can a better understanding of climate improve predictability? | pense of accuracy, which led to a focus on interpolated downscaling (Brown and Comrie 2002) .
The CLIMAS project began during the 1997/98 El Niño when public awareness of climate variability was already high, and this amplified interest in climate services. The many and differing forecasts associated with the ENSO phenomenon produced questions from multiple sources about the reliability of seasonal forecasts. Users had very specific questions about forecast skill and output, prompting us to initiate a major forecast assessment effort that produced a mix of skill evaluation and forecast enhancement tools and indicators, and to organize a series of forecasting workshops (Hartmann et al. 2002a,b; Franz et al. 2003) . Despite the wide range of climate data now available on the Web and elsewhere, we found that many users were unsure of where to find observational data for their area and, as well, that they were very interested in past climate and in extending the observational record back in time. This prompted a research effort to merge paleoclimate and historical observations for the region (information online at www.ispe.arizona.edu/climas/research/paleoclimate/ product.html).
CLIMAS achieved effective integration across disparate disciplinary groups through frequent team meetings, collocation of full-time research associates, and development of research questions that clearly cut across disciplinary boundaries (Table 1 ). The initial eight coinvestigators represented three natural science disciplines-hydrology, applied climatology, and paleoclimatology-and three social science disciplinesapplied anthropology, public policy, and human geography. We added research experts in economics and agricultural extension. Multidisciplinary teams carried out the social science field work that addressed questions 1-4, which, in turn, influenced research on physical science questions 5-7. Multiauthored papers in both natural and social science journals, joint presentations at professional meetings and workshops, and development of CLIMAS products tailored to address specific stakeholder needs resulted from these collaborations. In the course of developing the integration needed to carry out these tasks, we faced multiple challenges, including the need to overcome misunderstandings associated with specific disciplinary terms and modes of communication, harmonize different styles and costs of doing fieldwork, negotiate differences about rules of evidence (i.e., in quantitative and qualitative research), agree upon appropriate milestones for subprojects, and address differential workloads among the investigators within the university. CLIMAS set up a core office with a full-time professional staff to integrate natural and social science research activities and to interpret and communicate up-to-date climate and hydrologic information to regional stakeholders. The core office has been crucial for providing quick responses to stakeholders, integrating stakeholders into research activities, and creating a more integrated team. The latter has been fostered by collocating some of the students and most of the postdoctoral researchers within the core office, thus, providing sustained opportunities for interdisciplinary interactions.
The close interaction between natural and social scientists facilitated a research focus on regional vulnerabilities and on the best practices for assessing stakeholder needs and communicating climate information. For example, social science research showed that some users perceived themselves to be relatively invulnerable to climate variability, especially users relying on groundwater. We challenged this assumption by examining the impact of climate on groundwater resources in several urban areas. We found considerable sensitivity, with a drought resulting in significantly more groundwater overdraft and conflicts between urban and agricultural users (Morehouse et al. 2002) . Dissemination of our results has begun to alter the perceptions of water resource managers about their vulnerabilities (Carter and Morehouse 2003) . Social science research also showed how important economic and population growth trends are in driving climate information needs and vulnerabilities in the Southwest, the importance of institutional constraints such as water laws and agreements, a wide range of coping strategies and adaptations to climate in the Southwest, and the significance of both physical and economic links between urban and rural areas, and between the United States and Mexico. CLIMAS social science methods development includes rapid rural appraisal for climate assessment; a climate-vulnerability mapping tool; decisionsupport tool development and usability assessment; focus-group strategies; and guidelines for interacting with special stakeholder groups such as Native Americans (Vásquez-León et al. 2003; Austin et al. 2000 ; see also www.ispe.arizona.edu/climas for more information on tools developed and used).
MEASURING IMPACTS OF INTEGRATED ASSESSMENT.
We are just beginning to measure the extent to which new climate information is used in regional decision making and is resulting in reductions in vulnerability to climate. Obviously climate is only one of the many stresses on regional stakehold-| ers, and often not the dominant stress. However, we find that climate information is increasingly contributing to multimillion dollar decisions and coping strategies. For example, based on the 1997/98 El Niño forecast for a heavy winter snowpack, the Salt River Project (SRP), the largest water utility in the state, saved about $1 million by reducing its groundwater pumping in favor of releasing water from its surface reservoirs during the fall and winter. Had the spring runoff been insufficient to refill the surface reservoirs, SRP would have faced about $3 million more in pumping costs to meet delivery commitments for the next year. They were aware of the potential loss had the forecast been wrong, but took the gamble. This implies that the expected value of the forecast to SRP exceeded the potential loss. Likewise, mining companies use forecasts as part of their decisions for planning and building multimillion dollar on-site water storage facilities. They want to capture and use all water falling on their property, but avoid overflows of contaminated water (to avoid costly fines).
We suggest five metrics against which to measure the success of a specific regional integrated science and assessment program (Table 2) . First is evidence of sustained quality stakeholder interactions; such interactions are absolutely essential and may be facilitated by a core office with at least one dedicated fulltime professional who is involved in both research on and management of stakeholder interactions. Second is evidence of team integration as measured by activities such as joint papers, collaborative fieldwork, and sustained participation in team meetings.
Third, the science must demonstrate responsiveness to user needs and inputs. CLIMAS work on improving forecasts of both monsoon precipitation and spring runoff, and on providing forecast skill assessments, for example, was adapted to meet user needs and to advance the field.
The fourth metric of success we recommend is demonstrated expansion of demand for climate information or briefings from assessment team members. This metric, carefully constructed, can provide insight into the degree of success in providing science of relevance to stakeholders. For example, over a 2-yr period our team disseminated over 400 climate information packets to ranchers in more than a dozen meetings, mostly by invitation of rancher's associations. CLIMAS has also been asked to assist in regular briefings for fire managers, and to assist the National Interagency Coordination Center's Predictive Services unit in development of an annual process, using climate information and forecasts as well as fuels data, to assess wildland fire potential for the coming season (Garfin et al. 2003) .
Fifth, and most challenging to document, is a real reduction in vulnerability. We cannot yet claim to have documented this in the CLIMAS region, but we are in the process of collecting indirect indicators of the use of improved climate information over a range of stakeholder decisions as evidence of efforts to enhance coping capacity and develop adaptation strategies. These are based on surveys of users, evidence of use of CLIMAS products, and investigator participation in critical management groups such as the state drought task force. To the extent that sustained use of climate information is an important form of adaptation, the long-term relationships developed with fire and water management groups contribute to reducing vulnerability in the region.
CHALLENGES.
The CLIMAS experience has also illustrated several challenges that can limit the success of regional assessments. First, interdisciplinary collaboration requires continual nurturing to sustain, but with work it can bear fruit in terms of research of greater value to stakeholders and in terms of the professional development of those working within the regional assessment. Many scientists want their research to be relevant to societal needs, and can benefit from working with social scientists to set scientific agendas and results in the context of regional economies and cultures, to assess the economic and social value of research products, and to translate complex scientific analysis, especially uncertainties, into publications that are accessible to nonspecialists.
Second, overcoming institutional barriers to interdisciplinary research within a university can sometimes be challenging. CLIMAS benefited from an interdisciplinary home at The University of Arizona's Institute for the Study of the Planet Earth, which reports to the Vice President for Research and had procedures in place before the project was initiated to carry out research across the Southwest without any penalty to colleges or investigators. The university's long-standing recognition of and support for interdisciplinary research and a land-grant tradition of working with rural areas have likewise been important to CLIMAS success.
Third, an integrated science and assessment program needs flexibility, especially to act quickly when potential or actual climate-related stresses arise. In spring 2000, for example, CLIMAS recognized a significant climate-related increase in potential regional wildland fire hazard and initiated an annual fireclimate workshop (Garfin and Morehouse 2001) . The workshops, which have been held every year since 2000, bring together forecasters and fire managers to discuss climatic conditions, fuels conditions, and other issues that may be addressed through improved production and use of climate information. Participating fire managers and decision makers have improved their understanding of climate processes that influence fire regimes and have improved their ability to interpret and use climate information. Likewise, and equally important, climatologists participating in the workshops have acquired an understanding of wildland fire and its management, as well as insights into how to improve the communication of climate information and forecasts to fire managers. 5 Fourth, flexibility is also needed in dealing with the different capacities of stakeholders. The Salt River Project, on the one hand, has in-house scientists and engineers who can quickly digest new climate information and translate it into improved decision making. On the other hand, rural communities, including many small towns and Native American tribes, often do not have staff with the technical skills needed to interpret and use complex scientific information, much less know where to find the information that they need. They may also lack an appropriate decision framework for using seasonal forecasts, or even the infrastructure needed to alter their exposure to the impacts of fire, floods, or droughts.
The fifth challenge is the sometimes controversial or confused image of climate research. Some stakeholders do not think that climate is a salient concern, others see all climate research as associated with the politics of global warming, and others are skeptical about the "accuracy" of seasonal or longer-scale forecasts. Through sustained and supportive interactions with stakeholders, educational activities, and emphasis on stakeholder-relevant research, CLIMAS and other similar regional integrated assessments are addressing these concerns, often with considerable success.
FINAL POINTS. CLIMAS was conceived as a pilot project, and thus has had considerable latitude for the kind of experimentation that offers multiple lessons for a broader regional climate services organization. A university-based integrated assessment team can engage in a continuous process of research to meet stakeholder needs, while also building on the university's role in extension and outreach to maintain credible researcher-stakeholder interactions. An important caveat must be emphasized, however, in terms of the importance of long-term support: relationships with stakeholders are fragile and can be rapidly undone by gaps in science funding or failure of assessment projects to advance beyond the pilot stage.
University-based regional integrated science and assessment are an essential part of a regional climate services organization. Partnerships with regional operational agencies are important for developing needed information, making forecasts relevant at regional levels, archiving information, and instituting routine delivery of information to a broad range of decision makers. Unfortunately, many of the different climate products that are needed to inform decision making are not available through operating agencies. These agencies often lack the mandate, resources, or flexibility to respond to region-specific needs, such as those identified as part of CLIMAS. Meeting the demand for climate services may in fact require a rethinking of institutional structures and responsibilities.
